Candidate fuel/coating combinations for an advanced, coated-fuel particle for a gascooled fast reactor (GFR) have been evaluated. These all-ceramic fuel forms consist of a fuel kernel made of UC or UN, surrounded with two shells (a buffer and a coating) made of TiC, SiC, ZrC, TiN, or ZrN. These carbides and nitrides are analyzed with finite element models to determine the stresses produced in the micro fuel particles from differential thermal expansion, fission gas release, swelling, and creep during particle fabrication and reactor operation. This study will help determine the feasibility of different fuel and coating combinations and identify the critical loads. The analysis shows that differential thermal expansion of the fuel and coating dictate the amount of stress for changing temperatures (such as during fabrication), and that the coating creep is able to mitigate an otherwise overwhelming amount of stress from fuel swelling. Because fracture is a likely mode of failure, a fracture mechanics study is also included to identify the relative likelihood of catastrophic fracture of the coating and resulting gas release. Overall, the analysis predicts that UN/ZrC is the best thermomechanical fuel/coating combination for mitigating the stress within the new fuel particle, but UN/TiN and UN/ZrN could also be strong candidates if their unknown creep rates are sufficiently large.
INTRODUCTION
One of the research needs for the gas-cooled fast reactor (GFR) is the development of a new fuel form. Most of the previous work in this area has focused on TRISO fuels, which may not be optimal for high temperature, high burnup operation, so there is interest in an all-ceramic, bi-material fuel particle, which also can be considered an advanced BISO fuel particle. This type of fuel form has a fuel kernel and two ceramic outer layers. The central kernel consists of a spherical fuel particle surrounded by a ceramic coating which provides structural integrity and containment of fission products.
In between the coating and the fuel, there is a buffer layer, which allows for changes in thermal expansion, swelling, and fission gas release pressure without creating an unacceptable amount of stress on the outer containment coating. The fuel particle layers are shown schematically in figure 1.
The buffer layer is porous in order to reduce its stiffness and the resulting pressure on the coating and to accommodate released fission gases. It is composed of the same material as the coating. By using the same material for the buffer as the coating, there is reduced expansion mismatch and less chance of chemical incompatibilities. These advanced BISO fuel particles can be utilized by placing them in a ceramic matrix composed of the same material as the BISO fuel particles' outer ceramic coating. With this design, there is only one major interface of different materials: the fuel and the buffer.
The new BISO micro fuel particle materials must meet a variety of criteria.
Coatings with significant neutron absorption cross-sections cannot be used, thus excluding many candidates. The potential coatings must have high melting points (in DRAFT excess of 2000 o C), adequate thermal conductivity (>10 W/m-K) and toughness (>12 MPa-m 1/2 ), and acceptable response to high dose neutron damage [swelling <2% over service life (~80 dpa)]. Thus, the categories of materials with the highest potential for success for the GFR are carbide and nitride based ceramics [1] .
In this paper we predict the performance of these fuel particles from a thermomechanical perspective. The particles are modeled from fabrication, through startup and operation, and ultimately to shutdown. The analysis considers thermal expansion, swelling, creep, and internal pressure from gas release to predict the resulting stresses and to compare the relative performance of the candidate fuel and coating materials. The effect of the matrix, which will serve to reduce the fuel and coating stresses in this particle during reactor operation, is not considered here. Future work will include these effects.
THERMOSTRUCTURAL MODELING
The investigated material candidates for this study are SiC, TiC, ZrC, TiN, and ZrN for the ceramic coatings and buffer layers (with two different buffer densities), and UC and UN for the ceramic fuels. The baseline fuel form features a spherical fuel particle with a 250 micron radius and buffer and coating thicknesses of 100 microns.
Since the analyzed buffer is to be of the same ceramic material as the coating, the two different buffer densities which were analyzed can be expressed as functions of porosity (75% and 50%).
Temperatures, stresses, and strains are calculated using ANSYS, a commercial finite element program. The models are built in 2-dimensional, axisymmetric geometry, DRAFT permitting the consideration of a spherical particle fuel form with a relatively small number of elements. The results here are all 1-dimensional, but the 2-dimensional model will be employed in future work, which will consider the effect of asymmetries in the fuel and coating. Inelastic behavior (swelling and creep) is included, as described later in this paper.
The analysis of the micro particle starts from its fabrication at 1600 o C. There are no stresses on the particle at this initial temperature and time. Depending on the fuel particle fabrication process, this may not always be true; however, it is assumed that these stresses would be insignificant compared to the stresses throughout the rest of its lifetime.
The particle is allowed to cool to room temperature (20 o C), which is considered the 1 st stress period to be analyzed. The particle is then heated to the temperature of reactor operation (1100 o C), and the micro particle is again analyzed at this 2 nd period. In the 3 rd stress period, the micro particle is analyzed continuously at this temperature for 3 years, while being subjected to the conditions of reactor operation. Lastly, the micro fuel particle is brought back down to room temperature and analyzed in the 4 th stress period.
In all but the 3 rd stress period (during reactor operation), where the micro fuel particle stays at a constant temperature of 1100 o C, the different thermal expansions of the layers of the micro fuel particle have the most significant effect on the stress in the coating. The stress from the thermal expansion in the fuel form occurs from the fuel shrinking more than the coating (and buffer) as the micro fuel particle cools. The coefficient of thermal expansion (CTE) dictates the amount of growth or shrinkage in the layers of the micro fuel particle due to changing temperatures. The CTE for the fuels and the coatings are shown in the Figure 2 .
DRAFT
The larger the difference in CTE between the fuel and the coating, the larger the magnitude of the stress will be in the particle because the difference in the rate at which the fuel and coating will shrink will be greater. From this, it is expected that UN and TiN have the most compatible thermal expansion of all the fuel and coating combinations.
Pressure from fission gas release of 4.84 MPa and fuel swelling rates of 9 percent per year for UC and 4.5 percent for UN are applied (Table 1) , and thermal creep in the coatings is included (Table 2) . No creep is expected in the fuel for this geometry, since the fuel is under a hydrostatic stress state. Coating (and buffer) swelling is assumed to be small compared to the fuel swelling, however Zinkle [5] reports this may not be the case at least for SiC. Irradiation creep in the coating could not be included because of the lack of data.
One particular material property, the elastic modulus, has a strong effect on all the cases considered here. Under a given loading, such as differential expansions in the composite, the elastic modulus will determine the deformation required to maintain contact between the layers (assuming perfect adhesion). Materials with a high elastic modulus (which is characteristic of ceramics) will produce more stress for a given expansion. Table 3 is a comparison of all the room temperature elastic moduli for the different fuel and coating materials:
In a thermomechanical system such as a micro fuel particle, the choice of materials with lower elastic moduli like UC and ZrN will mitigate the stress. However, once a material is chosen the modulus can also be adjusted by altering the porosity of the coating. This is the main purpose of having a buffer layer, because the buffer's high porosity creates a low elastic modulus, accommodating deformation of the fuel without DRAFT producing unnecessary stress or compromising the structural integrity of the coating. To approximate the elastic modulus of the buffer as a function of porosity for a ceramic, the following relationship is employed [6] :
where p is the porosity of the ceramic and E is the elastic modulus. The elasticity of the buffer layer is proportional to the square of the volume fraction. So the more porous the buffer layer, the more the ceramic buffer layer will displace under a force and respond as an actual buffer.
No significant temperature gradient in the micro fuel particle is expected because these ceramics have reasonable thermal conductivities and small dimensions. Even if the buffer has a very conservative thermal conductivity of 2 W/m-K because of a high porosity, only a 5 K temperature difference is expected for this small radius.
RESULTS
Initially, the fuel particle will not have any internal stress when it is fabricated at 1600 o C, but stresses develop as it is cooled to room temperature. Thermomechanical stresses due to this cooling period are provided below. Figures 3 and 4 show the radial and tangential stresses, respectively, in the different candidate coatings, after cooling from fabrication. The cooling from fabrication causes the fuel to shrink more than any of the ceramic coatings, creating a tensile strain on the coatings in the radial direction and a compressive strain in the tangential direction for all material combinations analyzed. The stresses are dominated by tension in one direction and compression in the other (as can be seen in figures 3 and 4) because of the spherical design of the micro fuel particles. The DRAFT large influence of the thermal expansion of different materials creates force in the radial direction (as will all variables within the micro fuel particle system), and in turn this creates a reaction in the tangential direction.
By comparing figures 3 and 4, it can be seen that the absolute stress in the radial and tangential directions are similar to each other for different fuels, coatings, and buffer porosities. Because the radius of the coating stays fairly constant, the tangential stress divided by the radial stress will also remain at a fairly constant ratio of approximately two. Therefore one can infer the stress in the radial direction from the values given for the tangential stress in this study.
These different fuel and coating combinations and different buffer porosities vary in stress after cooling from fabrication because of two material properties: the thermal expansion and the elastic modulus. How well the elastic modulus can mitigate the stress can be seen by comparing the results for different buffer porosities. Typically, raising the buffer porosity from 50% to 75% and thus lowering its elastic modulus by a factor of 4 (according to equation 1) will lower the stress in the coating by about 30%, as seen in figures 3 and 4. The relationship between the stress and the thermal expansion on the other hand, can be seen by comparing figure 2 with figures 3 and 4. If there was no difference in the CTE's of the coating and the fuels, the micro fuel particle would expand and shrink equally and there would be no stress. As can be seen in figure 2 , the CTE of the UN is much closer to all of the coatings than the UC. As a result, the UC creates more stress than the UN no matter what candidate coating is used. Also, it can be seen that the CTE for UN is very close to TiN. As expected, the stress in this coating is the lowest of all the fuel/coating combinations after cooling from fabrication. The 3 rd stress period is unique, because in this period, reactor conditions must be considered. As said before, these conditions include fuel swelling, coating and buffer creep, and fission gas pressure buildup. To better understand the micro fuel particle model, all of these conditions were tested individually with UC/TiC.
FISSION GAS PRESSURE
One of the operational variables is the pressure from fission gas release. This pressure is modeled to increase over time as the gas is released from the kernel and accumulates in the porous buffer layer, which acts as a plenum. The fission gas pressure in the buffer was calculated to be 4.8 MPa per year in the first year, decreasing slightly to 4.69 MPa per year in the third year. These values used for the thermomechanical models are calculated from the Redlich-Kwong equation of state [7] , with a conservative estimate of 95% fission gas release from both Xe and Kr. This pressure pushes against the outer DRAFT coating, and produces stresses as shown in figure 6 . As this figure shows, the gas pressure does not produce significant changes in the coating stress. The actual stresses are likely to be even lower than predicted by this model because the fission gas release fraction from UN fuel may be well below the assumed 95% at these temperatures [8] .
This predicted stress change due to gas pressure of about 6 MPa is surprisingly small for this model, but after thorough analysis of several of the assumptions, it can be seen that this is accurate. Two of these assumptions are that this model has no debonding and a buffer porosity of 50%. If the buffer had a lower stiffness, it would not resist the pressure as much (or not at all if it debonded from the coating). When an analysis is done for the coating with 75% buffer porosity and the same pressure, the amount of stress change is 
Another assumption is the amount of applied pressure. The fission gas pressure release and the particle power of 63 mW are both functions of the assumed fuel fission rate density of 3x10 13 fissions/cm 3 -s. If it is decided that the particle power should be increased (thus increasing the fuel fission rate density), then the rate of pressure would also proportionally increase.
When comparing the new BISO fuel particle to the TRISO fuel particle, it is pertinent to take note of certain differences in the stress incurred from fission gas release.
First of all, the BISO particle gas pressure is less than the TRISO because it is assumed DRAFT that the BISO particle only releases Kr and Xe, and not CO or O 2 since there is no oxygen in the particle. Also, the TRISO fuel particle uses a different buffer material, so if its elasticity is lower than that of the new BISO fuel particle's ceramic buffer, the TRISO particle's buffer would not mitigate the stress as much as the BISO's buffer does.
Finally, it is also important to recognize any differences in the particle power and the coating thickness.
Another of the operational variables is fuel swelling. Swelling is one of the biggest concerns because of the type of fuels in consideration. Swelling in the fuel kernel for this analysis is considered to be isotropic and a function of the burn-up, temperature, and type of fuel.
The swelling for UC is expected to be dependent on temperature range, UC stoichiometry, and burn-ups. For this analysis, the temperature during operation is constant at 1100 o C, the fuel is assumed to always be stoichiometric, and the fuel fission rate density gives a burn-up of about 24,500 MWd/mt per year. Matke shows that this would result in about 9% swelling per year in UC [9] , and this is what is used for the swelling analyses. However, this may be an underestimate because according to Ritzman [10] , these parameters could lead UC to swell 14% a year. Fuel swelling data is even less extensive for UN, but nitrides tend to show less swelling than carbides [11] . UN appears to have a swelling rate half that of UC. Hence, a swelling rate of 4.5% per year is used for UN. The error associated with these numbers is expected to be large and have a number of different dependencies; however swelling for these materials is largely unknown and this will at the very least allow this study to gauge how important swelling is in the new BISO fuel particle.
DRAFT
Swelling was independently analyzed, once again using UC/TiC and a buffer porosity of 50%. Its effect can be seen in figure 7 , which shows the dramatic increase in swelling stress with increasing burnup (without creep relaxation). However, this analysis is simplified because it does not take into consideration that the elastic modulus in the fuel is dependent upon swelling and temperature. According to Cahn [12] , a temperature of 1100 o C will lower the elastic modulus by 10% in both UC and UN. He also reports the dependence of the elastic modulus of UC and UN as functions of fuel porosity.
Increased porosity in the form of vacancies and gas bubbles is the major cause of swelling for these fuels. Assuming a swelling rate of 9% per year for UC, the fuel will have 27% porosity after three years. As reported by Cahn [13] , the dependence of UC on porosity is:
Therefore the elastic modulus of UC will decrease by 49% after swelling for 3 years.
These two changes in the elastic modulus will decrease the maximum tangential stress in the coating in figure 9 to 8.0 GPa.
It is also important to recognize that swelling rate, as stated before, is dependent on the burn-up rate. However, the burn-up rate depends on particle power, which is rated at 63mW for these results. If it is decided that more power is desired, this would proportionally increase the swelling rate as it would the gas pressure rate. This study recognizes at least 5 known possibilities which may help mitigate the stress from swelling: buffer porosity, fuel selection, coating swelling, particle parameters, and coating creep.
The first two possibilities which could help mitigate this stress are increasing the buffer porosity and using a different choice of fuel. Both of these were analytically tested, and can be seen below in figures 8 and 9. It can be seen that increasing the porosity from 50% to 75% is expected to decrease the stress from swelling by about a third when swelling is the only inelastic strain considered. The analysis shows that the use of UN instead of UC cuts the amount of stress on the coating in half because it swells half as much. However, that analysis is again done without regard to the fact that the elastic modulus is dependent on porosity. The elastic modulus for UN is [14] :
The elastic modulus for UN is only expected to drop 32% from swelling over 3 years, because the swelling rate is not as great. Therefore, the true maximum stress in the coating from just swelling of UN is 4.8 GPa. Therefore, the use of UN instead of UC reduces the tangential coating stress by 40% in this benchmark.
Another possibility to reduce the stress in the coating is the coating swelling itself.
Just as in the case of the thermal expansions, if the fuel and the coating expand at the same rate, there will be no applied pressure between the layers. Swelling for these types of materials is largely unknown. However, contrary to previous studies, SiC has shown significant void swelling up to ~5% starting at 1000 o C [15] . Coating swelling would reduce stress between the fuel and the coating; however low coating swelling is also a requirement given for the GFR fuel matrix materials [16] .
The last two possibilities to help mitigate the coating stress are changing the dimensions of the micro fuel particle and coating creep. Intuitively, increasing the DRAFT thickness of the buffer layer will allow the fuel to swell more, and/or increasing the thickness of the coating will give the coating more structural integrity.
CREEP
The last variable during reactor operation is creep. Thermal creep follows the relationship given in the equation:
Where ε& is the strain rate, σ is the applied stress (in a uniaxial test), Q is the free energy of the material, T is 1100 o C, and A and n are material dependent constants given in Table 2 . As can be seen in this table, creep data for the nitride coatings is not available, so a proper analysis cannot be done for these materials. Instead, TiC creep data is used for the nitrides so a rough analysis can be done. The amount of creep from irradiation is also unknown, but could have large effects on the fuel particle system. Creep is considered in both the buffer and in the coating, but it is unnecessary to consider it in the fuel because the fuel is hydrostatic. Creep is independently analyzed under the same benchmark with a UC/TiC combination and 50% buffer porosity, just as fuel swelling and fission gas pressure release are. This effect of creep can be seen in the figure 10. It can be seen that the thermal creep will relax the stress incurred from the thermal expansion on time scales of the order of months and the thermal stress will converge towards zero. The creep will allow the coating to deform and the pressure between the layers of the micro fuel particle to come to equilibrium. The same is true for 75% buffer porosity, as can be seen in figure 11 .
DRAFT

FULL POWER OPERATION
When all of the operational variables are used in conjunction with each other as we would expect during the reactor operation, it can be seen that the variables have an effect on each other, as seen in figure 12 . Simply put, the stresses incurred from the individual operational variables do not simply "add". In the previous sections, we saw that fission gas pressure was relatively insignificant, swelling created run-away stress, and creep would allow for slow relaxation until there was no more stress in the coating.
Now it can be seen that there is a steady state stress, reached when the initial thermal stresses have relaxed away and the swelling and creep strains balance each other. All of the fuel/coating combinations were analyzed, and the steady-state stress values (which are also the maximum) are reported in figure 13 . It is significant to note that the tangential stress is tensile, as opposed to the results from the 1 st and 2 nd stress periods.
UC creates higher levels of stress than UN because of the higher swelling rate.
Among the coatings, SiC has the greatest amount of stress because it has the lowest creep rate at this temperature and these stresses. Also, the swelling and creep rates overwhelm all other considerations because the coatings with no creep data (in which TiC data was used) have the same stress values as TiC. The dichotomy of swelling and creep diminish the importance of all other factors. As seen in figure 13 , even the buffer porosity has an insignificant effect on the steady state stress.
SHUTDOWN
After the micro fuel particles have operated for a fuel cycle, they will be brought back down to room temperature. Therefore, the differential thermal expansion in the DRAFT micro fuel particle will once again change the stress in the coating. The maximum stress for the different fuel/coating combinations for this 4 th stress period can be seen in figure   14 . This figure may be confusing at first compared to the other stress periods because depending on the fuel and coating combination, some tangential stresses will return to compression while others will remain in tension. This however, becomes clear if one realizes that the stress in the coatings at room temperature would be exactly the same as they were before the reactor operation if there was no swelling, creep, and fission gas 
FRACTURE MODEL
A likely failure mode of coated fuel particles is fracture of the coating, leading to release of fission products. Such fracture is likely to be caused by tensile stresses such as the ones discussed in the previous sections. To address these issues, fracture mechanics models have been employed to study the effects of flaws within the coating.
The most critical flaw in a spherical shell coating will typically be an elliptical flaw either embedded within the coating or at the inner coating surface. No model is available for elliptical flaws in spherical shells, but simplified models are adequate for the current application.
There are existing fracture models for through-cracks in spherical shells [18. 19] and, in comparing the results to those for through cracks in flat plates, one finds that DRAFT sufficiently thin spherical shells behave identically to flat plates. This is shown in figure   15 , which shows the stress intensity as a function of crack size for both a thin spherical shell and a flat plate. As can be seen, for width or circumference of 880 microns and a thickness of 40 microns, the results are identical for crack sizes below about 20 microns.
Hence, for small cracks, a flat plate model should be adequate for the preliminary assessment of the coatings considered in this paper.
These results have been obtained using the following equations. The stress intensity caused by a finite line crack of width 2a in a thin plate of width W and thickness t is given by:
In a thin spherical shell of radius R and thickness t a finite line crack of the size 2a leads to a stress intensity of [20] :
Fracture models for elliptical cracks in flat plates are readily available. For such a crack with major radius b and minor radius a, the maximum stress intensity is given by: 
This elliptical crack is assumed to be embedded within the coating. A modified version is the semi-elliptical surface crack, where the crack is located directly on the surface:
The results for the stress intensity factor from these two geometries is shown in figure 16 for the case of b=2a. It is clear from this figure, that for the same crack size the surface cracks are more likely to grow. Hence, only these cracks will be considered further.
In determining the failure loads for these coatings, one must compare the calculated stress intensity factor for a given load and geometry to the fracture toughness of the coating material. TiC's resistance to cracking is greater than SiC as seen in the fracture analysis above. A more thorough fracture analysis would have to be done in order to determine which ceramics best resist crack propagations for these given stresses.
Also, these figures only show the stress in the tangential direction, but there is also stress in the radial direction, which is typically half the magnitude of the tangential stress and of opposite sign. A failure in the ceramic resulting from radial stresses would likely produce azimuthal flaws, so it would not necessarily produce a release path for fission gases. However, it could create tangential stress concentrations and subsequent compromise of the BISO coating. 
